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ABSTRACT: 
Linear dichroism and birefringence artifacts are a major source of concern in transient 
circular dichroism measurements. They mainly arise from interaction of an imperfectly 
circular polarized probe beam with a non-isotropic sample. We present in this paper a 
procedure to generate mid-IR pulses of highly symmetric left and right handed circular or 
elliptical polarization states for transient VCD measurements. An infrared femtosecond 
laser source is synchronized to the natural frequency of a photo elastic modulator. 
Residual static birefringence of the modulator and the sample cell can be largely 
compensated by carefully controlling the arrival time of the ultrashort probe pulses at the 
modulator. 
 
KEYWORDS:  Time-resolved spectroscopy, polarization artifacts, photo elastic 
modulator. 
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1. INTRODUCTION: 
Time-resolved vibrational spectroscopy is currently employed in many areas of chemistry 
and biochemistry to unravel the fast kinetics and mechanisms of photo-induced reactions. 
These include conformational changes of bio molecules like the folding and unfolding 
process of peptides and proteins, making use of the structure sensitivity and specificity of 
vibrational spectra. However, information on molecular chirality, which can provide 
more direct information on structural changes, is typically only obtained from 
complementary steady state experiments. Vibrational circular dichroism (VCD) is a 
chiroptical spectroscopy method which measures the difference in absorption of left and 
right handed circular polarized light of a vibrational transition. Although VCD is a weak 
signal which typically amounts only to 10−5 to 10−3 of the underlying absorption it 
contains precious information on molecular structure, including specific signatures for 
the conformations of peptides and proteins1 or the absolute configuration of chiral 
organic compounds2. Compared to electronic circular dichroism (ECD), VCD is a much 
more local probe. Spectra are more structured and site selectivity can be further enhanced 
by isotope labeling. It is the goal of our current research to combine the advantages of 
transient infrared absorption and vibrational circular dichroism into a new ultrafast 
spectroscopy with enhanced structure-resolution power. Following similar goals, 
electronic circular dichroism spectroscopy with picosecond time resolution has already 
been demonstrated some time ago in the visible and ultraviolet domain 3-5 and newer 
developments now allow for sub-picosecond time resolution with improved signal to 
noise6,7. On the other hand, we have reported only very recently on the first realization of 
a transient vibrational circular dichroism experiment 8. After photo-excitation of an open 
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shell transition metal complex, VCD changes of several µOD were recorded with 
picosecond time resolution using a pulsed laser source. Here we provide a detailed 
account of the experimental procedure with a focus on the analysis and optimization of 
the mid-IR probe pulse polarizations.  
Minimizing polarization imperfections is essential in transient ECD/VCD as strong 
artifacts may arise from the interaction of asymmetric left and right handed probe light 
with pump-induced sample anisotropy3,9, which may exceed the true chiral signal by 
more than an order of magnitude. Different techniques have been suggested to suppress 
such artifacts in the context of electronic transient CD spectroscopy. One possible 
solution is to try to depolarize the pump laser beam or to insert a spinning half-wave plate 
into the pump path 5. Hache and coworkers, on the other hand, proposed to carefully align 
a Pockels cell to optimize circular polarized probe pulses in the UV/visible 10. They were 
able to obtain a sufficiently high degree of circular polarization to reduce birefringence 
artifacts below noise level. In the mid-infrared regime Pockels cells cannot produce the 
necessary birefringence and Photo Elastic Modulators (PEM) are preferably utilized for 
manipulating the polarization state. They are usually employed for the polarization 
modulation of a continuous light beam in static vibrational circular dichroism 
measurements, where the birefringence of optical elements in the beam path can cause 
similar artifacts as anisotropic excitation in pump-probe measurements. In order to reduce 
such artifacts, Nafie and co-workers proposed to use a second photo elastic modulator 
placed immediately after the sample to ”scramble” the polarization 11. This second 
modulator has a different frequency from the first one and its retardation is adjusted so as 
to randomize the polarization of the infrared beam. By averaging over a large number of 
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modulator oscillations, polarization-based artifact signals can be strongly reduced. 
Similarly, a beam reversal configuration has been proposed, where the probe beam is 
reflected back through the same PEM prior to detection, so as to return the light to its 
original state of linear polarization 12. While these methods can greatly improve the 
quality of equilibrium VCD measurements, artifacts arising from imperfections of the 
sample cell (e.g. strain-induced linear birefringence of the windows or linear 
birefringence of an anisotropic sample) cannot be removed in this manner. To achieve 
this, it was recently proposed to insert an additional rotating half-wave plate into the 
beam path 13.  
Methods based on time-averaging over random pump or probe polarizations in order to 
eliminate artifacts appear at present too time-costly to be applied to transient VCD 
measurements. Indeed, with lasers of kilohertz repetition rate highest sensitivity is 
achieved by comparing, under identical conditions, the transmitted intensity of 
consecutive mid-IR laser pulses in the presence of and without the preceding pump pulse 
that induces the chemical or biochemical reaction of interest. Our approach to reducing 
artifacts in transient VCD spectroscopy is therefore similar to that of Hache and 
coworkers 10, and we present in this article a method that allows us to create highly 
symmetrical probe beam polarizations using a photo elastic modulator. Intrinsic 
imperfections of the modulator and strain birefringence of the sample cell can be largely 
compensated by an appropriate timing scheme. An analysis of the very small remaining 
linear dichroism artifacts in our recent transient VCD experiment is presented. 
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2. EXPERIMENTAL METHOD: 
Fig: 1 describes our experimental setup. It is designed to measure the transmitted 
intensity of left and right handed circular polarized mid-IR pulses at specific delay times 
after photo-triggering a reaction by visible or UV light, and was inspired by the first 
implementation by Xie and Simon of picosecond time-resolved electronic circular 
dichroism spectroscopy 5. The generation of the femtosecond infrared pulses, which take 
the place of black-body radiation from a ceramic or graphite-based glower (or tungsten in 
the near infra-red) used in conventional VCD spectrometers 14, has been described in 
detail elsewhere 15. In brief, femtosecond pulses are generated by a commercial amplified 
Ti:sapphire laser system (Spectra Physics) operating at 800 nm. Mid-IR light is obtained 
by difference-frequency mixing of the signal and idler output of a double-stage Optical 
Parametric Amplifier (OPA). At 1 kHz repetition rate the setup delivers 100 fs pulses of 1 
to 2 µJ energy. Their spectral width is typically 200 cm−1 and their central frequency can 
be adjusted between 3 to 8 µm. The mid-IR pulses are spectrally narrowed after passing a 
home-built Ebert-Fastie monochromator (300 gg/mm grating, cylindrical mirror 
f=127mm), which does not change the spatial beam profile. Their bandwidth and time 
duration can be varied with slit size and we carry out wavelength scans by rotating the 
grating. A portion of the IR beam is split off just after the monochromator and focused 
with a ZnSe lens on a nitrogen-cooled single element mercury-cadmium-telluride (MCT) 
photoconductive detector (Infrared Associates). We use this detector as a reference to 
correct for intensity fluctuations of the laser. In the probe beam path, a wire grid polarizer 
(extinction ratio >104 ) and a photo elastic modulator (Hinds Instruments) are placed 
between focusing lens and sample to alternate the polarization between left and right 
 6
circular. The focal spot (100 µm, FWHM) is then imaged on a second MCT detector by a 
single 10 mm lens. As described in more detail later, we synchronize our laser source to 
the PEM natural frequency (50.1 kHz) so that pulses cross the modulator each time it acts 
as a quarter wave plate with opposite sign for consecutive pulses. The transmitted 
intensity is recorded individually for every laser shot using home-built gated amplifiers 
followed by 16 bit analog/digital conversion. The VCD signal is then evaluated in the 
computer as the log-ratio of an average (typically 300-1000) of left and right handed 
probe pulse intensities, corrected by the appropriate reference signals: 
⎟⎟⎠
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For transient VCD measurements, a visible or UV pump beam generated by the same 
femtosecond laser system in a (non-collinear) visible OPA is focused onto the sample in 
spatial overlap with the IR probe. Four different signals are recorded repeatedly every 
four consecutive probe pulses by periodically blocking the pump beam at one quarter of 
the laser frequency (synchronized chopper at 250 Hz). As shown in Fig. 1 B, they 
correspond to the two polarization states (left and right handed circular) each with and 
without the pump beam. VCD signals before and after photo-excitation are thus measured 
quasi simultaneously and can be subtracted to produce the transient VCD signal, which is 
evaluated by the computer as: 
( ) offpumpvcdonpumpvcdvcd AAA ∆−∆=∆∆  (2) 
By changing the optical path of the pump beam using a motorized translation stage, its 
arrival time is varied to record transient VCD signals at different time delays. To ensure a 
complete exchange of the sample between two laser pulses, we use a home-built flow cell 
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consisting of two CaF2 windows separated by a 100 µm teflon spacer 16. It also allows us 
to record solvent background spectra under identical experimental conditions. 
With this technique, we were recently able to record VCD changes of several µOD in the 
course of a photo induced reaction on a picosecond timescale using an open shell 
transition metal complex with the chiral ligand (-)-sparteine as a test molecule 8. These 
transient signals will be analyzed with respect to polarization artifacts in section 5. Our 
laser-based setup also features some advantages over conventional spectrometers using 
thermal light sources for recording static VCD spectra: The tightly focused IR laser 
beam, which we typically attenuate by more than a factor 10, allows for smaller sample 
volumes and higher spectral resolution. Sample with large solvent background (diluted 
aqueous systems) are still measurable in thicker sample cells. In addition, important 
signal enhancement can be achieved by employing crossed polarizers and elliptically 
polarized light, as reported elsewhere 17. 
 
 
3. ARTIFACTS IN TRANSIENT VCD MEASUREMENTS 
Several articles have already described in detail possible polarization artifacts in the 
context of transient electronic CD spectroscopy 3,10,12,18. In this section we therefore only 
recall in brief the effects of (pump-induced) linear and circular birefringence and linear 
dichroism and why they can be avoided when perfectly symmetrical left and right handed 
probe pulses are used. In transient VCD, artifacts arising from the non-linearity of mid-IR 
detectors and small background signals need to be equally considered. 
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a) Non-linearity of the detectors and background signals 
The change in resistivity of mercury-cadmium-telluride photoconductive detectors is a 
non-linear function of the incident photon flux, and we need to attenuate our probe pulses 
by more than a factor of ten in order to avoid complete saturation. In addition, the 
recorded intensities are corrected for the detector non-linearity on a shot-to-shot basis 
after digitization in the computer (details are presented in the next section). Without this, 
the VCD signal is significantly reduced in regions of weaker sample absorption and in the 
center of the laser spectrum and can be strongly distorted. Apart from providing a 
constant scaling factor, correcting the detector non-linearity is, however, less critical in 
single wavelength transient VCD scans, where pump-induced intensity changes are very 
small.  
Offset voltages in the detection electronics and background infrared radiation can also 
create signal artifacts, typically with the spectral profile of the transmitted light intensity. 
Prior to any (transient) VCD scan the IR beam is therefore blocked and four background 
signals are recorded for each detector. They correspond to and are subtracted from the 
four signals needed to evaluate ∆(∆Avcd) in equation 2. Their amplitudes are very small 
and we noticed significantly better offset correction after increasing the resolution of the 
AD-conversion from 12 to 16 bits. Nevertheless, background drifts remain an important 
source of noise in the transient VCD measurements. 
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b) Polarization based artifacts 
The most important artifacts in steady state and transient CD experiments are due to 
linear dichroism and linear birefringence. 
In a linear birefringent (LB) medium, linearly polarized light beams parallel and 
perpendicular to an optical axis travel at different speeds. As is shown in Fig. 2, the result 
is that LB converts left and right handed circularly polarized beams into two elliptical 
polarized ones with different axis orientation. An elliptical polarized beam can always be 
decomposed into the sum of a perfectly circular polarized component plus a linear one. In 
the presence of LB, the linear components added to the right and left handed polarization 
have perpendicular orientations. Usually, liquid samples are not oriented and their linear 
birefringence can be neglected, but this is not the case for optical elements like sample 
cell, lenses, modulator etc. which typically exhibit some strain birefringence. 
In a linear dichroic medium, the absorption of linearly polarized light is orientation-
dependent, and linear dichroism (LD) can be orders of magnitude larger than circular 
dichroism in samples of oriented molecules. In a time-resolved experiment, the isotropy 
of a liquid sample is typically broken because of the preferential excitation of molecules 
with electronic transition dipoles oriented parallel to the polarization direction of a 
linearly polarized pump-pulse. If the linear polarization components of the left and right 
handed probe pulses differ (as it is the case if some optical elements present strain 
birefringence, see Fig. 2), these will probe the LD of the sample and can give rise to 
dominating artifacts.  
On the other hand, if the polarizations of the left and right handed probe pulses can be 
described by the same ellipses, i.e. when they are composed of circular components of 
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opposite handedness plus the same linear component, no LD signal is observed. Finally, 
every circular dichroic medium also exhibits circular birefringence, i.e. left and right 
handed circular polarized light propagates through the sample with different velocities. If 
we send linearly polarized light, its plane of polarization will be rotated. This is why CB 
is also often called optical rotation. CB is typically very weak and only causes a speed 
difference between left and right handed polarized light. It usually does not affect circular 
dichroism measurements in our experimental configuration 3.  
 
In summary LD and LB (and CB) are not strong concerns when they are considered 
separately. Nevertheless, important artifacts can appear when non-perfectly circular or 
symmetrically elliptical polarized probe beams interact with a sample in which excitation 
by a polarized pump beam has broken the sample isotropy. Imperfect polarization of the 
probe beam can arise from strain linear birefringence of the cell windows or from the 
modulator itself. Here we focus on the compensation of the static linear birefringence of 
the photo elastic modulator, but the procedure can be extended to include the sample cell. 
 
 
 
4. POLARIZATION CONTROL AND CHARACTERIZATION 
To adjust the polarization state of the mid-IR pulses, we can vary two parameters: the 
amplitude of the PEM oscillation and the arrival time of the pulses at the modulator, 
determined by the trigger sent to the laser amplifier.  
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a) Symmetric triggering scheme 
The photo elastic modulator consists of an octagonal ZnSe bar attached to two 
piezoelectric transducers. The bar vibrates at a fixed natural frequency fm of 
approximately 50 kHz, determined by its length and the speed of sound in the material, so 
we need to electronically synchronize the laser system to the PEM. This synchronization 
is explained in Fig. 3 A: By doubling the PEM modulation frequency fm, a 2f signal (100 
kHz) is generated and down-counted to 1.01 kHz by an odd number of cycles (division 
by 99)a. This 1.01 kHz signal (ft) is then appropriately delayed (delay d) and triggers the 
pump laser and the Pockels cells of the femtosecond amplifier. Approximately every 
millisecond the Pockels cells single out one weak pulse arriving from the 80 MHz 
femtosecond oscillator for amplification. This is schematically shown in Fig 3 B. The 
amplified pulses are then converted to the mid-IR and the delay d is adjusted such that 
they arrive at the modulator when it is alternatingly in a state of maximum expansion or 
compression. The state of maximum expansion along the optical axis corresponds to a 
state of maximum compression perpendicular to the optical axis, and light polarized 
parallel to the optical axis is phase shifted by +ϕ0 /2 while light polarized perpendicular to 
the optical axis suffers a phase shift of -ϕ0 /2. Oriented at 45° with respect to the incident 
light polarization, the modulator is thus acting as a quarter wave plate with opposite sign 
                                                 
a Devision by an even number would synchronize the laser in such a way that all pulses experience the 
same retardation when they cross the PEM. 
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for consecutive mid-IR pulses when ϕ0 =π/2. This is illustrated by the plot of the PEM-
induced retardationb ϕ as a function of time at the bottom of Fig. 3 B.  
In order to analyze and optimize the polarization state of the probe pulses we place a 
second polarizer, which is perpendicular to the first one, after the PEM, as depicted in 
Fig. 4 A. For a sinusoidal variation of the PEM-induced retardation ϕ  with time the 
intensity of the transmitted light is then given by 
( ) 20020 ])2sin[2sin(]2[sin ⎥⎦
⎤⎢⎣
⎡== tfIItI mπϕϕ  (3) 
where I0 is the incident intensity, ϕ0  the retardation induced at the turning points of the 
PEM oscillations and fm the natural frequency of the PEM. To calibrate the maximum 
retardation ϕ0  we first coarsely adjust the trigger delay d such that pulses cross the PEM 
at a turning point of its oscillations. Then, we vary the modulation amplitude and record 
the transmitted intensity on the detector, yielding the signal shown in Fig. 4 B. The 
maximum signal corresponds to the point where the modulator acts as a half-wave plate 
(ϕ0 =π), at half of this modulation amplitude the PEM acts as a quarter wave plate 
(ϕ0 =π/2). Subsequently, with the maximum retardation fixed at π or π/2, the arrival time 
of the pulses at the modulator is varied by delaying the triggers to the laser system, 
yielding the dotted curves in Fig. 4 C, which should be described by equation 3. 
However, in order to achieve the best fit between the recorded signals and the prediction 
of equation 3 (solid lines in Fig. 4 C) the measured intensities have to be scaled by a 
cubic linearization function to correct for the detector non-linearity. The consistency of 
                                                 
b Retardation in this paper refers to the phase difference between linear polarization components parallel 
and perpendicular to the PEM optical axis. This differs by a factor of two from a common definition of 
PEM-retardation as the phase shift suffered by light polarized parallel to the optical axis.    
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this detector linearization procedure was verified by repeating the measurements at 
different laser intensities I0. 
Due to the symmetry of the triggering scheme, the mid-IR pulses pass the modulator 
alternatingly in a state of compression or expansion of equal magnitude, which ideally 
produces identical circular or elliptically polarized pulses of opposite handedness. 
However, we recorded a small yet noticeable difference between the intensities of 
consecutive pulses after the second polarizer. This difference as a function of trigger 
delay is shown in Fig. 4 D and E for maximum modulator retardations ϕ0=π/2 and π, 
respectively. The maximum value of this difference does not depend on the modulation 
amplitude, which excludes an anharmonic oscillation of the modulator. We can model 
this data by adding a constant δϕ  in equation 3: 
( ) 200 )]2sin[2sin(' ⎥⎦
⎤⎢⎣
⎡ −= δϕπϕ tfItI m  (4) 
It describes a residual static linear birefringence in the direction of the PEM’s optical axis 
(in our case 45° with respect to the orientation of the linear polarizers) that is 
homogeneously distributed along the ZnSe bar. This residual static birefringence is a 
known effect of photo elastic modulators 19 and leads to a small constant offset of the 
modulation amplitude. The solid lines in Fig. 4 D and E are given by 
( ) ⎟⎠⎞⎜⎝⎛ +− mftItI 21''  with ϕ0=π/2 and π, respectively. The experimental data is 
reproduced by adjusting the parameter δφ≈0.002, from which the tiny ellipticity of the 
probe pulses can be estimated. 
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b) Asymmetric triggering and birefringence compensation 
In order to correct for the on-axis linear birefringence of the modulator (or that of the 
sample cell), we modify our triggering scheme and slightly adjust the delays sent to the 
laser system. The principle of this technique is explained in Fig. 5: The residual static 
birefringence corresponds to a constant offset δϕ  in the retardation modulation, as 
depicted at the bottom of Fig. 5 B. When the modulator amplitude is adjusted to produce 
a maximum retardation of +π/2 (λ/4) the subsequent laser pulse, in the symmetric 
triggering scheme, is subject to a retardation slightly in excess of –π/2, resulting in 
elliptical polarization (indicated by the dotted elliptical arrow). A retardation of –π/2 can 
nevertheless be realized by making the laser pulse pass the modulator before it has 
reached the negative turning point of its oscillation. For this purpose, every second 
trigger is anticipated by a time δt of the order of 100 nanoseconds. 
Fig. 5 A shows schematically, how this asymmetric trigger is generated. We now directly 
down-count the modulator frequency (fm = 50 kHz) by an odd number of cycles to trigger 
a delay generator (Stanford Research) at a frequency f2 = 505 Hz. Two 505 Hz trigger 
signals, one delayed regarding to the other by 1/(2f2)-δt, [1/(2f2) ≈ 990 µs] are then added 
to produce an asymmetric trigger with a „frequency” close to 1.01 kHz Subsequently δt is 
varied in nanosecond steps until the intensity difference between consecutive pulses (left 
and right handed) detected behind the second crossed polarizer vanishes. At the moment, 
the delay precision is limited by a 12 ns jitter due to arbitrary arrival time of pulses from 
the femtosecond oscillator. This could, however, be improved by locking the 
femtosecond oscillator cavity length to the PEM natural frequency using feedback-
control20. 
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For a final characterization of the polarization states with optimized modulator 
amplitudes and trigger delays we measured the light intensity transmitted by the second 
polarizer as a function of its orientation. The data shown in Fig 6 A were recorded both 
with (open circles) and without (solid squares) linear birefringence compensation by 
asymmetric triggering. It is evident that the differences between left handed (red) and 
right handed (blue) pulses is significantly reduced by LB compensation. This is seen 
quantitatively in Fig. 6 B where the log-ratios of left and right handed signals in A are 
plotted. This log-ratio can be viewed as a VCD signal recorded with the second polarizer 
in place and is greatly reduced from 6 mOD to approximately 1.5 mOD peak to peak 
difference thanks to the asymmetric triggering scheme.  
The remaining intensity differences between left and right handed pulses can be 
accounted for by an off-axis component of the static birefringence (e.g. caused by strain 
in a direction different from that induced by the piezo transducers), which is not 
described by equation 4 and cannot be fully compensated by varying the effective PEM 
modulation amplitude. The magnitude and orientation of the modulator static 
birefringence can be determined from  a Jones matrix analysis 3, of the data recorded 
without LB correction in Fig. 6, which yields the solid lines in Fig. 6 A and B. It shows 
that the modulator static birefringence is equivalent to a waveplate with an optical axis 
deviating by 9 degrees from the modulation axis and a retardation δϕ of approximately 
π/600. 
The relatively large modulation of the signals in Fig. 6 A as a function of analyzer angle 
is, however, not primarily due to the static birefringence as it is still observed after 
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compensation (open circles). It is rather caused by a modulation amplitude approximately 
1% in excess of π/2 and a slight misalignment of the modulator orientation with respect 
to the first linear polarizer, deviating by ≈ 0.4 degrees from 45° (parameters deduced 
form the solid line fits in Fig. 6 A and B). Presently the latter imperfections are difficult 
to avoid in our setup. However, it is clear from the data recorded with LB correction 
(open circles in Fig. 6) that they do not prevent the generation of probe pulses with highly 
symmetrical left and right handed elliptical polarizations with almost perfectly parallel 
major axes. This is sufficient to minimize linear dichroism artifacts in transient CD scans. 
Furthermore, in static VCD measurements with slightly elliptical polarization the signal 
is reduced by a few percent at most. We will also show below that even the less perfectly 
polarized probe pulse generated by our symmetric triggering scheme cause only 
negligible birefringence artifacts under the conditions of our first successful transient 
VCD experiment reported in ref 8. Nonetheless, in samples exhibiting larger linear 
dichroism and weaker VCD changes much more harmful artifacts may arise unless the 
static linear birefringence of PEM and sample cell is compensated. 
 
5. EXPERIMENT AND SIMULATIONS 
In our first transient VCD experiment 8, we investigated the transition metal complex 
Co(sp)Cl2 with the chiral ligand (-)-sparteine in the CH-stretch region (see absorption 
spectrum in Fig 7 A). The absorption changes observed at different pump-probe delays 
after visible excitation of a d-d electronic transition are shown in Fig. 7 B 8. They are 
consistent with a decay of the electronic excitation on a timescale shorter than the 
picosecond time resolution of our setup, causing a strong heating of the molecule, which 
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broadens the C-H stretch vibrations and shifts them to lower energy. This leads to the 
characteristic derivative-like transient absorption spectrum after 10 ps shown by the red 
line in Fig. 7 B. The spectral broadening and shift then partially decays on a 20 ps 
timescale due to energy dissipation from the hot molecule to the solvent (black and blue 
line in Fig. 7 B). These spectral changes are reasonably well-captured by a simulation 
(see Fig. 7 C and D) assuming  a single Lorentzian band, which is red-shifted and 
broadened immediately after excitation and then narrows and shifts back with a 20 ps 
time constant. The static VCD spectrum (Fig 7 E) is more difficult to simulate as multiple 
vibrational modes seem to contribute and vibrational circular dichroism is strongly 
enhanced by a broad low-lying magnetic dipole allowed d-d transition of Cobalt, which is 
not seen in the absorption spectrum but gives rise to a negative background CD signal 21. 
Here we only seek a qualitative match and model the data by assigning an appropriate 
rotational strength to the narrow Lorentzian vibrational line on top of a broad Gaussian 
CD band (Fig. 7 F). After photo-excitation the Lorentzian contribution is assumed to 
evolve in parallel with the absorption spectrum (spectral shifts and broadening but no 
change in rotational strength) while the broad background signal strongly weakens in the 
hot sample after photo-excitation. This is in agreement with temperature-dependent 
equilibrium measurements (see ref. 8) which reveal a significant weakening of the static 
VCD signal in a heated sample. 
Fig. 7 G shows the transient VCD changes due to 600 nm excitation recorded at a probe 
wavelength of 2872 cm-1 (indicated by the vertical lines in the Figs. 7 A-F). Within signal 
to noise the VCD signal is a step function, in contrast to the transient absorption changes 
at the same wavelength. The persistence of the signal to long time delays is attributed to 
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the large number of molecules, which are not directly excited but respond to the heating 
of the probed sample volume by approximately 2 K after energy dissipation to the 
solvent22.  
Simulated transient VCD signals at the same probe wavelength are shown in Fig. 7 H. 
For these simulations we describe sample and all optical elements by Jones matrices 3, 
and we assume for simplicity that the linear birefringence of modulator and cell windows 
can be treated as a single birefringent element between modulator and sample, whose 
strength and orientation is chosen to be consistent with the polarization analysis presented 
in the previous section (solid lines in Fig. 6). Excitation with linearly polarized light, 
spectral dynamics and rotational diffusion, which takes place with a 50 ps time constant, 
are taken into account. In order to produce a maximum linear dichroism artifact, 
electronic and vibrational transition dipole moments are assumed to be collinear, 
although no significant linear anisotropy was found in polarization-dependent pump-
probe measurements on the Co(sp)Cl2 complex. Linear and circular birefringence of the 
sample are related to the LD and CD by linear response theory 23 and are equally included 
in the simulations. Since the Jones matrices for linear and circular dichroism do not 
commute, we used the so-called N-matrix formalism as outlined in ref. 3 to arrive at a 
correct description of the sample. 
The simulation was carried out for probe pulse polarizations produced by our set-up both 
with and without linear birefringence compensation by asymmetric triggering, yielding 
the green and blue curves in Fig 7 H, respectively. The same simulation for ideal circular 
polarization is shown by the black line. The differences are well below the noise level of 
the experiment and only visible because we assumed a maximal anisotropy of the 
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transient absorption signal (that decays with the rotational diffusion time of 50 ps). 
Several favorable circumstances contribute to this insensitivity: The shift of the narrow 
vibrational band is smaller than its bandwidth, leading to strong cancellation in the 
transient absorption signal, and thus the pump-induced anisotropy. The CD changes on 
the other hand, are relatively large and are dominated by the weakening of the d-d 
electronic contribution which does not contribute to the absorption signal. 
 
6. CONCLUSIONS 
We have provided a detailed description of our experimental setup for the measurement 
of transient VCD spectra with picosecond time resolution based on polarization 
modulation with a photo elastic modulator. A flexible triggering scheme allows us to 
precisely control the arrival time of the probe pulses at the modulator to the instant when 
the total birefringence of modulator and sample cell together corresponds most closely to 
quarter wave modulation of opposite sign for consecutive laser pulses. The optimization 
procedure is based on a comparison of the intensities of left and right handed polarized 
pulses that is transmitted by a linear polarizer. Although not perfectly circular, the probe 
beam polarizations are highly symmetric, which makes the setup insensitive to pump-
induced linear dichroism. 
In particular we have demonstrated that the offset signals due to linear birefringence 
recorded after placing a second crossed polarizer into the beam path between sample and 
detector can be eliminated. This may, in the future, also allow us to place highly 
polarization sensitive optical elements of a spectrometer (concave mirrors, grating etc.) 
behind the sample. Indeed, our present experimental design based on dispersing the light 
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before the sample limits our time resolution for transient measurements to a few 
picoseconds although sub picoseconds measurements are in principle possible given the 
initial duration of the mid-IR pulses (≈100 fs). It would be also much more efficient to 
disperse the light after the sample and to perform multi channel detection affording in 
addition correlated spectral noise. This should drastically improve data quality. Indeed, 
we presently achieve a noise level of less than 20 µOD within 1 second of averaging but 
low frequency noise (predominantly electronic background drifts) over one complete 
time or frequency scan (few minutes) is approximately three times larger. 
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FIGURE CAPTIONS: 
 
FIG. 1: A: Schematic overview of the transient VCD setup described in the text. B: Pulse 
sequence in transient VCD measurements. The polarization of the probe pulses (red) 
alternates between left and right handed circular. Every third and fourth pump pulse 
(green) is blocked by the chopper wheel.   
 
FIG. 2: Schematic illustration of the effect of a linear birefringent medium (LB) on 
incident left and right handed circular polarized light. Two elliptical polarization states 
are produced with different orientations of their main axes. They can be described as 
perfectly symmetric circular states plus linear polarizations with different orientations.  
 
FIG. 3: A: Synchronization of the laser system to the PEM natural frequency fm. A 100 
kHz signal (2fm ) is down-counted to 1.01 kHz by an odd number of cycles (division by 
99); this 1.01 kHz trigger is then appropriately delayed before being sent to the 
regenerative amplifier. B: At the arrival of a trigger pulse at the amplifier, a femtosecond 
laser pulse from the 80 MHz oscillator is selected, amplified and converted to the mid-IR.  
We adjust the trigger delay d so that the laser pulses cross the modulator at the turning 
points of its oscillation, where it acts as a quarter wave-plate. This produces a train of 
circular polarized pulses of alternating handedness, indicated by the circular red arrows. 
 
FIG. 4: Calibration of the PEM-induced retardation and trigger delay using the setup 
shown in part A: The PEM is sandwiched between two crossed polarizers and the 
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intensity of the transmitted mid-IR pulses is recorded.  B: Intensity recorded as a function 
of PEM modulation amplitude, varied by changing its driving voltage. The trigger delay 
is set for pulses to cross the modulator at the turning points of the PEM oscillations 
(d=17.65 µs in part C). The maximum of the curve corresponds to the point where the 
PEM acts as a half-wave plate, at half of this modulation amplitude it acts as a quarter-
wave plate. C: Intensity as a function of the arrival time (trigger delay d) of the mid-IR 
pulses at the PEM for maximum retardations fixed at ϕ0 =π (red) and ϕ0 =π/2 (blue). The 
data (symbols) have been scaled by a cubic polynomial function to correct for the non-
linearity of the detector in order to match the signal predicted by equation 3 (solid lines). 
D: Difference, as a function of trigger delay d, between the intensities recorded for 
consecutive pulses, which correspond to polarization states of opposite handedness; 
maximum PEM retardation fixed at ϕ0=π/2. The difference is due to static birefringence 
and can be reproduced using equation 4 with δϕ = 0.002 (blue solid line, see text). E: 
Same as D but with the PEM retardation fixed at ϕ0 =π.  
 
FIG. 5: A: Asymmetric trigger generation for LB compensation. The PEM frequency fm 
is down-counted by an odd number of cycles (division by 99) to produce two f2=505 Hz 
signals. One is delayed by approximately half a period before the two are added to form 
an asymmetric trigger signal of  ≈1.01 kHz for the laser amplifier with the time structure 
shown in B.  
B: Static residual birefringence causes an offset δϕ in the retardation modulation. At one 
turning point the PEM oscillations it is thus slightly in excess of -π/2, leading to elliptical 
polarization (dotted red arrow). This is compensated by appropriately anticipating every 
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second trigger by δt, which selects a pulse for amplification that arrives at the PEM when 
the total retardation is exactly -π/2.  
 
FIG. 6: Analysis of the probe pulse polarizations after delay and retardation optimization 
(same setup as Fig. 4). A: Intensity of left (red) and right handed (blue) pulses as a 
function of analyzer angle. Solid squares: symmetric triggering scheme (Fig 3), Open 
Circles: after compensation of static birefringence by asymmetric triggering (Fig 5). 
Compensated curves have been offset for clarity. B: Logarithm of the ratio of the signals 
in A with corresponding symbols. A fit of the data recorded without LB compensation 
(solid lines in A and B) reveals a static linear birefringence of approximately π/600 
oriented at 9 degrees with respect to the PEM modulation axis. The off axis component of 
this birefringence cannot be compensated by asymmetric triggering, leading to a residual 
difference between left and right handed polarization states (open symbols in B). Slight 
distortions and the dissymmetry of the data with respect to 180 degree rotation are due to 
the uneven surface of the polarizers, which consist of a free-standing wire grid without 
substrate. 
 
FIG. 7: A: Absorption spectrum in the C-H stretch region of the Cobalt (-)-sparteine 
complex Co(sp)Cl2. B: transient absorption changes of Co(sp)Cl2 after excitation of a d-d 
(4A2-4T1) transition at 600 nm at different pump-probe delays. C: Lorentzian absorption 
line used in the simulations D: Transient absorption spectra modeled by a shift and 
broadening of the Lorentzian band which decay with a 20 ps time constant. E: Static 
VCD spectrum of Co(sp)Cl2 F: Modeled VCD spectrum assuming a negative rotational 
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strength of the Lorentzian absorption line plus a broad Gaussian background due to a 
low-lying magnetic dipole allowed d-d transition. G: Transient VCD signal recorded at 
2872 cm-1 (indicated by vertical line in A-F) H: Simulated transient VCD signal for 
perfectly circular polarized probe pulses (black line) for pulses obtained from the 
symmetric triggering scheme (green squares), and for pulses after correction for static 
linear birefringence (blue circles), both plotted with an offset for clarity. See text for 
further details. 
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